Satellite imagery has proven to be a powerful tool for measuring chlorophyll a in surface waters. While this provides an estimate of total phytoplankton biomass, it does not distinguish between phytoplankton groups, many of which have functional differences and therefore affect biogeochemical cycles differently. Phytoplankton pigment analysis has been used to quantify a wide range of photosynthetic and accessory pigments, and chemotaxonomic analysis (e.g. CHEMTAX) has been used to successfully quantify functional taxonomic groups in nature based on pigment distributions. Here, we combine CHEMTAX analysis with satellite-derived distributions of specific phytoplankton pigments to describe the distributions of particular components of the phytoplankton community in the northeast coast of the United States from space. The spatial and seasonal variations in phytoplankton community structure elucidated through satellite remote sensing methods generally agreed with observations of abundance estimates of cell counts. Diatoms were generally the most abundant phytoplankton in this region, especially during Winter-Spring and in the inner shelf, but phytoplankton populations shifted to increasing abundance of other taxa during Summer, especially offshore. While still preliminary, satellite-derived taxa-specific information with proper regional controls holds promise for providing information on phytoplankton abundance to a taxonomic group level which would greatly improve our understanding of the impacts of human activity and climate change on ecosystems.
Introduction
Satellite ocean color remote sensing is a valuable tool for studying large-scale variations of phytoplankton biomass which in turn affects biogeochemical cycling of elements (IOCCG, 1999 (IOCCG, , 2000 McClain, 2009) . Global distributions of total chlorophyll a concentration ( [TChl_a] ) and extrapolations of primary production have been previously quantified from satellite observations, especially for the oceanic Case 1 waters (Behrenfeld & Falkowski, 1997; Behrenfeld et al., 2005; McClain, 2009; O'Reilly et al., , 2000 . However, because of the limitations of satellite spectral resolution in distinguishing between plant pigments, the distribution and seasonal variation in phytoplankton community composition observed from satellite measurements are limited (Aiken et al., , 2009 Alvain et al., 2008; Brewin et al., 2010 Brewin et al., , 2011 Hirata et al., 2008 Hirata et al., , 2011 McClain, 2009; Roy et al., 2011) .
Phytoplankton community composition is important for determining biogeochemical function because different taxonomic groups have unique physiologies that affect their growth rates, C and N uptakes, competitive success, and biogeochemical functions in the environment. For example, blooms of large chain-forming diatoms can contribute disproportionately to the sinking biogenic particle flux of carbon than small phytoplankton such as cyanobacteria. Thus, a taxonomic level of analysis can improve our understanding of phytoplankton species distribution, primary productivity, and carbon export flux estimates (Aiken et al., , 2009 Alvain et al., 2008; Brewin et al., 2011; Hirata et al., 2008 Hirata et al., , 2011 McClain, 2009; Roy et al., 2011; Uitz et al., 2009) . This level of analysis is also useful in assessing regional variations in phytoplankton distribution as well as the effects of climate variability and change on the seasonal and spatial variation of phytoplankton species. For example, the distributions of phytoplankton functional groups, particularly dinoflagellates and prymnesiophytes, are often thought to correlate to dimethylsulfide (DMS), a precursor of cloud condensation nuclei (Townsend & Keller, 1996) .
Phytoplankton taxonomy is traditionally assessed by microscopy, which requires significant amounts of time and expertise. Species too fragile to be preserved or small in size (in particular, picophytoplankton) are challenging to identify by routine microscopic methods and this introduces biases to taxonomic assessments done using these methods. Advances in high-performance liquid chromatography (HPLC) methods have allowed the detection of an increasing number of phytoplankton pigments. This information can allow quantification of phytoplankton community composition, at least to a functional group level, because many plant pigments are particular to specific taxonomic groups or even species (Jeffrey et al., 1997; Mackey et al., 1996) .
Chemotaxonomic assessment of phytoplankton assemblages has been further facilitated through development of algorithms to partition bulk [TChl_a] into taxonomic groups based on pigment composition of the community . CHEMTAX , a Matlab® (The Mathworks, Inc.) program, analyzes the relative pigment ratios for each taxonomic group, especially those pigments found only in one or two taxonomic groups (e.g. alloxanthin in cryptophytes, peridinin in peridinin-containing dinoflagellates, and zeaxanthin primarily in cyanobacteria and prochlorophytes; Jeffrey et al., 1997) . However, CHEMTAX does not provide the same resolution as microscopy, because the latter can identify many groups to the species level. Overlapping pigment compositions can further complicate the capability for CHEMTAX to separate taxonomic groups, i.e. to separate chlorophytes from prasinophytes. Although there exist these limitations to CHEMTAX, it has been successful in describing variations of major phytoplankton taxonomic groups for many water types including: oceanic waters (e.g. the Southern Ocean and the northeastern Atlantic), and coastal waters (e.g. the New Jersey coast, the Chesapeake Bay estuary, United States southeastern estuaries, and European coastal waters) (Adolf et al., 2006; Gibb et al., 2001; Lewitus et al., 2005; Mackey et al., 1996; Moline & Blackwell, 2004; Schlüter et al., 2000; Wright et al., 1996) .
Studies of phytoplankton taxonomy are typically limited to discrete stations sampled during irregular ship surveys, and so we know little about the spatial and temporal variations of phytoplankton assemblages (Aiken et al., , 2009 Alvain et al., 2008; Brewin et al., 2010; Hirata et al., 2008 Hirata et al., , 2011 . showed that many important phytoplankton pigments could be empirically estimated from ocean color remote sensing within reasonable agreement to the field observations along the northeast coast of the United States (U.S.). In this study, phytoplankton community composition by chemotaxonomy (e.g. CHEMTAX) in the U.S. northeast coast was estimated using satellite retrieval of phytoplankton pigment composition .
The northeast coast of the U.S. is a highly productive and optically complex region that is significantly influenced by freshwater outflow (e.g. from the Chesapeake Bay, Delaware Bay, and Hudson-Raritan Rivers) and by alongshore flow and tidal forcing O'Reilly & Zetlin, 1998; Pan et al., 2008 . Phytoplankton species composition varies seasonally: diatoms generally dominate during Winter-Spring, while other taxa, such as dinoflagellates and cyanobacteria, increase in proportions during Summer (Adolf et al., 2006; Marshall, 1984a Marshall, , 1984b Marshall & Cohn, 1987; Marshall et al., 2006; Moline & Blackwell, 2004) . The objectives of this study were: (1) to develop a quantitative method to describe phytoplankton community composition using satellite ocean color remote sensing; and (2) to determine the spatial and temporal variability of phytoplankton community composition, and its impact on biogeochemical processes in the U.S. northeast coast.
Materials and methods

Field experiments
This study focused on the U.S. northeast coast within the longitude and latitude boundaries of 77°W to 65°W and 35°N to 45°N, respectively (Fig. 1) . The study area includes the Gulf of Maine (GoM) and the Middle Atlantic Bight (MAB), in which the MAB is separated into the New York Bight (NYB) and the southern MAB (SMAB) (Fig. 1) . Multiple cruises were conducted in this region from 2004 to 2009 (Table 1 and Fig. 1) . Fig. 1 . Map of the study area and station locations within the northeast coast of the United States. The locations of stations sampled included the serial cruises in the Gulf of Maine (GoM; +), New York Bight (NYB) for a series of Ocean Color Validation cruises (OCV; Δ), Southern Middle Atlantic Bight (SMAB) for a series of Bio-physical Interactions in Ocean Margin Ecosystems cruises (BIOME; x), Chesapeake Bay Plume cruises (CBP; ▲), and Chesapeake Bay Hydrological survey cruises (CBH; ◊), and the Climate Variability on the East Coast cruise-1 (CliVEC-1; ○) along the northeast coast. CB: Chesapeake Bay; DB: Delaware Bay; HR: Hudson-Raritan Rivers. Two locations (•) used for time-series analysis of satellite derivations in the CB estuarine are shown in the inset.
Pigment measurements and cell counts
Pigment samples were filtered onto 25 mm GF/F filters, immediately frozen in liquid nitrogen, and stored frozen (−80°C) until analysis (Pan et al., 2008 . Samples were analyzed at Horn Point Laboratory (University of Maryland Center for Environment Science) using reverse-phase high-performance liquid chromatography (HPLC) with a C8 column and a photodiode array detector (Van Heukelem & Thomas, 2001) . The selected HPLC pigments analyzed include: total chlorophyll a (TChl_a), divinyl Chl_a (DV_Chl_a), total chlorophyll b (TChl_b), chlorophyll c 1 and c 2 (Chl_c 1 /c 2 ), chlorophyll c 3 (Chl_c 3 ), fucoxanthin (Fuco), 19′-butanoyloxyfucoxanthin (But), 19′-hexanoyloxyfucoxanthin (Hex), peridinin (Perid), zeaxanthin (Zea), alloxanthin (Allo), diadinoxanthin (Diad) plus diatoxanthin (Diato) (Dia), lutein (Lut), neoxanthin (Neo), violaxanthin (Viola), and prasinoxanthin (Pras). TChl_a is defined as the sum of chlorophyll a (Chl_a), DV_Chl_a, and chlorophyllide a (Chlide_a), while TChl_b is defined as the sum of chlorophyll b (Chl_b) and divinyl Chl_b (DV_Chl_b) (Hooker et al., 2005) . Carotene (Caro) is not included in this analysis due to its rapid alteration to oxidized products. The abbreviations of pigments are also shown in Table 2 .
Cell counts were conducted at Old Dominion University or University of Rhode Island using the method described by Marshall and Alden (1990) . Water samples (500 mL or 1000 mL) were fixed in Lugol's solution, and after a 48 hour period, a series (3) of siphoning and settling steps followed to obtain a 20-40 ml concentrate that was placed in the settling chamber of an inverted plankton microscope (Nikon TS100) for analysis. The net-phytoplankton (N200 μm) were scanned at 150× for the entire aliquot. A minimum cell count basis of 200 cells and 10 random fields was used at scanning at 300× for both the micro-(20-200 μm) and nano-phytoplankton (2-20 μm). This analysis produced an 85% accuracy estimate for the cell concentrations (Venrick, 1978) . Pico-phytoplankton samples were preserved with paraformaldehyde (0.2% final concentration) and cyanobacterial abundances were estimated by counting their picosized fraction using flow cytometry. Match-up stations with both cell counts and HPLC pigment measurements were limited to the BIOME5 cruise during 31 October 2006, CBP cruises during 11 November 2006 (CBP_5) and 3 July 2007 (CBP_8), and CliVEC-1 cruise during 17 to 28 August 2009 (Table 1) .
Phytoplankton taxonomy from HPLC pigments
Phytoplankton composition was derived from the relative pigment ratios for each phytoplankton taxonomic group using CHEMTAX v1.95 and based on concentration matrices of biomarker HPLC pigments and TChl_a. The chemotaxonomy was tuned to this study region, as described below. The selected 11 phytoplankton taxonomic groups included here are: diatoms, cryptophytes, dinoflagellates containing fucoxanthin-like pigments (Dino_A), dinoflagellates containing peridinin (Dino_B), Type_8 Haptophytes defined in Zapata et al. (2004) (Hapt_A), Type_6 Haptophytes defined in Zapata et al. (2004) (Hapt_B), prasinophytes containing prasinoxanthin (Prasino_A), prasinophytes without prasinoxanthin (Prasino_B), chlorophytes, cyanobacteria, and prochlorophytes (Table 3) . Euglenophytes were not considered in this study due to their relatively low abundances in this region (Marshall et al., 2006) . Chrysophytes are also excluded here due to the difficulty of deriving their major accessory pigment, 19′-butanoyloxyfucoxanthin (But), from satellite ocean color , and the consideration that blooms of chrysophytes (e.g. Aureococcus anophagefferens) are typically limited to coastal lagoons along the U.S. northeast coast, especially in Narragansett Bay (Rhode Island), Barnegat Bay (New Jersey), and Peconics-Gardiners Bay estuary and south shores of Long Island (New York) (ECOHAB, 1994) .
The distribution of [TChl_a] after logarithm transformation, log ([TChl_a]), from our pigment data set mostly (868 of 878 samples) varied between − 0.9 and 1.5. The pigment data were then separated into 12 sub-sets with log([TChl_a]) intervals of 0.2 (Table 4) . Although the separation of sub-sets is relatively arbitrary, it is not without biological foundation. Hirata et al. (2011; Fig. 3 in their paper) indicated that as [TChl_a] increased globally the proportion of pico-phytoplankton generally decreased and micro-phytoplankton increased, and nano-phytoplankton were generally more abundant within the mid-range of [TChl_a] (e.g. 0.1 to 1 mg m −3 ) than in low and high [TChl_a] . Individual phytoplankton taxonomic function groups can be categorized within specific size classes, such as prochlorophytes, cyanobacteria, and pico-eukaryotes classified as pico-phytoplankton, prymnesiophytes and green algae classified as nano-phytoplankton, and diatoms and dinoflagellates classified as micro-phytoplankton. The distributions of these taxonomic groups generally followed the trends corresponding to their size class . Similar trends were also observed for the northeast U.S. continental margin (Fig. 2) following the size class definitions of Vidussi et al. (2001) . Such results imply that increasing the number of subsets, e.g. changing the intervals of log([TChl_a]) to 0.1 or even 0.05, may be beneficial for development of more appropriate pigment matrices for phytoplankton functional groups. However, the requirement to have a sufficient number of data points for each sub-set being applied to CHEMTAX, e.g. N ≥ 11, limits the number of sub-sets that we can apply to our database. For each sub-set, the following steps adapted from the instruction manual for CHEMTAX v1.95 were followed to determine the pigment ratios. Initial pigment ratios (A00) were selected from Mackey et al. (1996) . Sixty ratio matrices (A01-A60) were generated by multiplying a randomly determined factor (M random ) to each value in the initial matrix (A00), where M random = 1 + 0.7(R random ) − 0.5 and R random is a random value between 0 and 1 generated by Excel® (Microsoft, Inc.). In total 61 solutions were created. The best 10% (N = 6) of the solutions with the lowest root mean square errors (RMSEs) provided by CHEMTAX were averaged as the starting ratios (F start ). The final pigment ratios (F n ) were then determined by CHEMTAX with the input of the starting ratios (F start ). The TChl_a concentrations for each taxonomic group (C taxa_n ) were calculated based on the final pigment ratios (F n ). Although DV_Chl_a, But, Hex, and Pras were applied to construct the pigment concentration matrices, they were not used to interpret or further applied to satellite imagery due to the difficulty in retrieving those pigment signatures from ocean color remote sensing data . The ratios for TChl_c represent the sum of Chl_c 1 /c 2 and Chl_c 3 . Individual pigment concentrations ([Pig_m] ) integrated from all taxonomic groups were calculated with Eq. (1). 
Here, Pig_m represents individual HPLC pigment type including TChl_a, TChl_b, TChl_c, Fuco, Perid, Zea, Allo, Dia, Lut, Neo, and Viola, and f Pig_m taxa_n in the n × m (here 11 × 11) matrices (F n ) represents the mth marker pigment ratio normalized to C taxa_n for the nth phytoplankton taxa, and C taxa_n represents the relevant TChl_a for the nth phytoplankton functional group. The fraction of TChl_a for each phytoplankton taxonomic group [(FC) taxa_n ] is then calculated as:
Ideally, the reconstructed pigment concentrations ([Pig_m] reconstructed ) computed by multiplying CHEMTAX-derived concentrations of phytoplankton functional groups (C taxa_n ) with the pigment ratio matrices (F n ) should be equal to the field measurements of HPLC pigments ([Pig_m] field ). The difference between [Pig_m] reconstructed and [Pig_m] field was then considered as the deviations caused by the CHEM-TAX method. The mean absolute percent difference (MAPD) and root mean square error (RMSE) between reconstructed and field pigment concentrations were defined as:
Here, N represents the number of samples.
Satellite imagery
Observations of level-2 spectral remote sensing reflectance (R rs ) from the Moderate Resolution Imaging Spectroradiometer on the Aqua satellite (MODIS-Aqua) were downloaded from the NASA Ocean Color Web (http://oceancolor.gsfc.nasa.gov/; by access during 19 to 25 November 2010). Bulk water temperature required to estimate [Zea] was obtained from MODIS-Aqua shortwave infrared (4 μm) observations of nighttime sea surface temperature (SST). All images were mapped isotropically to 90 pixels per longitude degree and 111 pixels per latitude degree (with an approximate resolution of 1 km × 1 km per pixel) using the SeaWiFS Data Analysis System software (SeaDAS; version 6.1).
Phytoplankton pigment concentrations ([Pig_m]) were calculated from the empirical algorithms based on the R rs band ratios as described by :
Here X = log[R rs (λ 1 )/R rs (λ 2 )], and A i,m (i = 0, 1, 2, and 3) were derived coefficients for each pigment. The selected MODIS bands were 488 nm for λ 1 and 555 or 667 nm for λ 2 .
C taxa_n was then determined by solving Eq. (1) through multiple linear regressions with the derived F n and [Pig_m]. The multiple (1) requires m ≥ n, and in this paper, m ¼ n ¼ 11. The multiple linear fit was conducted by adapting an IDL program, 'regress2.pro', which can be downloaded from http:// hesperia.gsfc.nasa.gov/ssw/gen/idl/fitting/. Above all, the methodology to derive phytoplankton community composition from space is also shown on a flowchart (Fig. 3) .
Results
CHEMTAX relative pigment concentration ratios
In this study, we separated HPLC pigment data into 12 sub-sets based on the distributions of log([TChl_a]). Such a separation is based on the previously observed seasonal and regional variations of dominant phytoplankton species in this study region (Marshall, 1984a; Marshall & Cohn, 1987; Marshall et al., 2006) associating with the distributions of phytoplankton pigments and the trends of the variations of phytoplankton community composition (micro-, nano-, and pico-phytoplankton) with [TChl_a] ( Fig. 2; and also Hirata et al., 2011) . The differences in the relative pigment concentration ratios for the phytoplankton taxonomic groups (f Pig_m taxa_n ) in 12 sub-sets are shown in Table 4 . f Pig_m taxa_n from the major phytoplankton types (e.g. Fuco in diatoms, Allo in cryptophytes, and Zea in cyanobacteria) generally decreases with the increase of [TChl_a] , but the trends become less significant or even reverse in some less abundant phytoplankton types (e.g. Perid in Dino_B) (Table 4 and Fig. 4 ). 
For a better view, the x-axes of the corresponding nPF and pPF were artificially moved slightly left and right, respectively. The CHEMTAX-derived pigment ratio matrices were generally reasonable based on the assessment of reconstructed pigment concentrations from field measurements. The mean absolute percent differences (MAPDs) of the reconstructed pigment concentrations and field measurements were generally low (4% to 9%) for pigments well correlated with TChl_a (e.g. Fuco, TChl_c, and Dia, which were also abundant in the most common phytoplankton species in this region, diatoms; (Table 5 ). Moderate MAPDs were found for pigments unique to phytoplankton functional groups whose abundances were generally high, e.g. 17% for Perid, 20% for Allo, and 17% for Zea (Table 5) . Very high MAPDs were generally found for pigments unique to phytoplankton functional groups whose abundances were generally very low, e.g. Pras and DV_Chl_a (unpublished data). The MAPDs for the accessory pigments (TChl_b, Lut, Neo, and Viola) abundant in green algae (prasinophytes and other chlorophytes) increased with a decrease in their relative abundance, e. (Table 5) . Similar trends to the MAPDs were also found for the root mean square errors (RMSEs) between the reconstructed pigment concentrations and the field measurements, after accounting for the median value in each pigment component (Table 5) .
Phytoplankton composition from field measurements
The mean (FC) taxa_n for different sub-sets are shown in Fig (Marshall, 1984a (Marshall, , 1984b Marshall & Cohn, 1987; Marshall et al., 2006) and cell count data used in this study.
The match-up comparisons showed that CHEMTAX-derived concentrations of phytoplankton functional groups generally agreed with the cell counts (Fig. 6) . The CHEMTAX-derived concentrations generally increased with increases in the cell counts. Their relationships for some major phytoplankton functional groups, such as diatoms, cryptophytes, dinoflagellates (Dino_A+ Dino_B), and cyanobateria, could even be expressed into log-transformed linear regressions (Fig. 6 ).
Satellite imagery of phytoplankton community composition
Because current empirical methodology is unable to derive some important accessory pigments (e.g. Hex and But) from remotely sensed imagery , and CHEMTAX chemotaxonomic analysis is not able to separate phytoplankton groups with similar pigment composition, such as chlorophytes and prasinophytes , we aggregated the remotely sensed . Similar distributions could also be found on similar seasonal periods for the same or different years (data not shown). Except for pico-phytoplankton, the absolute concentrations of phytoplankton decreased from Winter-Spring to Summer and from the inner to outer shelf (Fig. 7) . This study region is known to be strongly impacted by the outflow plumes and along-shore flows (e.g. from Chesapeake and Delaware Bays in the SMAB, from Hudson-Raritan River-Estuary in the NYB, and from the Scotian Shelf in the GoM) (Acker et al., 2005; Harding et al., 2005; Marshall, 1984a; Marshall & Cohn, 1987; O'Reilly & Zetlin, 1998; Pan & Zimmerman, 2010; Pan et al., 2008 . High nutrient loading from terrestrial inputs has been related to enhanced phytoplankton biomass in coastal systems (Acker et al., 2005; Filippino et al., 2009; Harding et al., 2005; Smith, 2006 , 2007) . This presumably led to transport of phytoplankton groups characteristic of the Chesapeake Bay estuary and plume region to offshore areas during November, February, and even May when freshwater discharge was significantly higher than during August (Fig. 7) , consistent with other work (Filippino et al., 2009 ). In addition, diatom concentrations decreased by a factor of N15 from the inner shelf to the middle shelf in the SMAB during August, and by a factor of 4 to 9 during November, February, and May 2006 (Fig. 7) . In contrast, variations in phytoplankton biomass from middle shelf to outer shelf were found inversely related to discharge rates, e.g. diatom concentrations decreased from the middle shelf to outer shelf in the SMAB by a factor of 2 to 4 during February, May, and November but 1 to 2 during August (Fig. 7) . C taxa_n was also found high around the Nantucket Shoals and the Georges Bank, in which the geologically shallow water conditions favor the upwelling of nutrient-rich deep waters, especially during the Winter-Spring (Fig. 7) . Diatoms and cryptophytes became almost negligible in offshore and basin waters, especially during Summer, in which Prasino&Chlo (probably within the pico-size fraction identified as the dominant pico-eukaryotes; Marshall, 1984a) and pico-phytoplankton became more dominant (Fig. 7) . Picophytoplankton (here primarily represented as cyanobacteria in the inner and middle shelf waters and prochlorophytes in the outer shelf and the basin waters) were more abundant during Summer and in the southern region than during Winter-Spring and in the northern region (Fig. 7) , consistent with earlier observations showing a positive relationship between cyanobacteria and water temperature (Jeffrey et al., 1997; Reynolds & Walsby, 1975) and the dominant status of prochlorophytes in the oligotrophic waters, especially in warm waters (Campbell & Vaulot, 1993) . The distributions of (FC) taxa_n showed that diatoms were the most abundant phytoplankton group on the inner shelf, accounting for 40-55% of [TChl_a] during Winter-Spring and about 30-45% during Summer (Fig. 8) . The abundance and proportion of diatoms decreased offshore as the impact from estuarine discharge and alongshore flows decreased (Fig. 8) ) for the inner and outer shelf, respectively (Fig. 8) . Cryptophytes typically showed similar trends to diatoms, but somewhat higher proportions were found in the inner and middle shelf other than the plume regions since in the plume regions cryptophyte blooms are obscured by diatom blooms, which was consistent with the results from HPLC and CHEMTAX analyses (Fig. 5) . Such seasonal and spatial patterns of absolute and relative abundances of diatoms and cryptophytes agreed generally with phytoplankton cell abundance data from previous works, especially in offshore areas (N35 km from shore) ( Table 6 ). Dinoflagellate proportions of the total phytoplankton community were somewhat higher on the inner shelf during Summer than during Winter-Spring and generally increased offshore (Fig. 8) . Higher proportions of haptophytes were typically observed during late Spring to Summer (May and August) on the middle and outer shelf (Fig. 8) . Also the seasonal and spatial patterns in the abundance of dinoflagellates and haptophytes relative to the total phytoplankton population agreed reasonably well with previous studies on phytoplankton abundance in the region (Table 6 ). Higher proportions of Prasino&Chlo were found offshore while diatoms were dominant on the inner shelf (Fig. 8) . Picophytoplankton proportions were typically very low at high [TChl_a] waters , especially on the inner and middle shelf during Winter-Spring, but increased during Summer and towards offshore (Fig. 8) . Although our approaches were developed primarily for the shelf waters, the observations of very high proportions of picophytoplankton during Summer (Fig. 8) , as well as their absolute concentrations (Fig. 7) , might indicate cyanobacterial blooms in the middle and low regions of the Chesapeake Bay, in which cyanobacterial blooms are common during Summer (ECOHAB, 1994) . These results were generally consistent with cell count data (Table 6 ) and previous observations (Marshall, 1984a (Marshall, , 1984b Marshall & Cohn, 1987; Marshall et al., 2006) .
Time-series analysis of phytoplankton community composition from satellite observations
The seasonal and spatial patterns in phytoplankton functional group distributions were further confirmed using time-series analysis done at two selected locations (75.88°W, 36.96°N, and 74.83°W, 36.40°N; Fig. 1 ) on the inner shelf and outer shelf areas of the Chesapeake Bay estuary in the SMAB. Diatoms were most abundant in the inner shelf, in which their abundances were about 2-to 5-fold of cryptophytes, haptophytes, and Prasino&Chlo, and 6-to 30-fold of dinoflagellates and pico-phytoplankton (Fig. 9) . The dominant status of diatoms became less apparent in the outer shelf, in which diatom abundances were only 0.3-to 2-fold of cryptophytes, haptophytes, and Prasino&Chlo, and 0.5-to 3-fold of dinoflagellates and pico-phytoplankton (Fig. 9) . Except for pico-phytoplankton and haptophytes, phytoplankton abundances were generally higher during Winter-Spring than during Summer, with the ratios of 1.5 to 2.8 in the inner shelf and 1.4 to 9.4 in the outer shelf, respectively (Fig. 9) . The seasonal variations of haptophytes were less significant in the inner shelf, but significant in the outer shelf in which their abundances during Winter-Spring were about 2.7-fold of those during Summer (Fig. 9) . In contrast, picophytoplankton were more abundant (about 3-fold) during Summer than during Winter-Spring in the inner shelf, but their seasonal variations disappeared dramatically in the outer shelf (Fig. 9) .
The relative abundances (FC) showed that diatoms accounted for about 37% of [TChl_a] in the inner shelf, following by 16% to 19% from cryptophytes, haptophytes, or Prasino&Chlo, and 2% to 5% from dinoflagellates or pico-phytoplankton (Fig. 10) . In the outer shelf, haptophytes and Prasino&Chlo together accounted for about 50% of [TChl_a] , while other phytoplankton accounted for the remaining 50% in relatively equal proportions (Fig. 10) . The relative abundances in the inner shelf decreased from Winter-Spring to Summer for diatoms (42% versus 32%) and cryptophytes (20% versus 16%), and were relatively constant for dinoflagellates (~5%) and Prasino& Chlo (~19%) but increased for haptophytes (12% versus 20%) and pico-phytoplankton (1% versus 7%) (Fig. 10) . Similarly, the relative abundances in the outer shelf decreased from Winter-Spring to Summer for diatoms (16% versus 8%), cryptophytes (13% versus 3%) and haptophytes (29% versus 23%), and were relatively constant for dinoflagellates (~12%) but increased for Prasino&Chlo (20% versus 33%) and pico-phytoplankton (9% versus 21%) (Fig. 10) . Similar seasonal and spatial patterns were also found in the Delaware Bay estuary and New York Bight, but became less significant in the semienclosed Gulf of Maine (data not shown).
The spatial distributions and the time-series patterns of phytoplankton composition derived from CHEMTAX method agreed reasonably with cell count observations. Phytoplankton composition over the U.S. northeastern continental shelf including studies involving NOAA National Marine Fisheries Service (NMFS) based cruises from 1969 through 1985 showed over 600 algal taxa recorded for this region (Marshall & Ranasinghe, 1989) . The major components included diatoms, a diverse group of phytoflagellates, plus pico-phytoplankton (b3 μm) composed predominantly of cyanobacteria and chlorophytes (Marshall, 1984a (Marshall, , 1984b . A previous study showed that a total phytoplankton abundance near shore (up to 35 km seaward) ranging from 10 5 to 10 7 cells L across the mid-shelf and increased again along the outer shelf margin (Marshall, 1984b) . This is generally consistent with the phytoplankton composition derived here using satellite data, e.g. an increase of phytoplankton concentrations by a factor of 1 to 2 orders of magnitude from the outer to inner shelf (Figs. 7 and 9 ). Within the MAB estuarine plumes (Hudson, Delaware, and Chesapeake Bays), estuarine outflow increased phytoplankton concentrations seasonally and influenced species composition and diversity (Marshall, 1984a; Marshall & Cohn, 1987; this study, Figs. 7-10) . Phytoplankton abundance from previous studies with station locations comparable to the present study were also presented in Table 6 . These samples were taken aboard from one U.S. Coast Guard and two NOAA's NorthEast Monitoring Program (NEMP) cruises (82-03, 82-08, 82-11) and subsequently analyzed for phytoplankton composition and abundance (Marshall, unpublished data) .
A minimum of 3 near-shore and 3 off-shore stations yielded mean phytoplankton concentrations for these regions during April, July/ August, and September 1982. These values illustrated the monthly abundance varied from 10 4 to 10 6 cells L −1 for diatoms, and 10 3 to 10 5 cells L −1 for cryptophytes, coccolithophores, and dinoflagellates. Diatoms were consistently the dominant flora within near shore waters and along transects directed across the shelf for all seasons. Phytoflagellates were also dominant constituents within these waters. At lower concentrations and with seasonally varying abundance were cyanobacteria, chlorophytes, and pico-phytoplankton. The 1982 data, as well as the cell counts conducted in our cruises from 2006 to 2009, are consistent with our seasonal and spatial phytoplankton function group derivations from satellite observations (Figs. 7-10 ). Time-series analyses of phytoplankton assemblages from this study indicate generally negative correlations between concentrations of micro-and nano-phytoplankton groups (diatoms, dinoflagellates, cryptophytes, haptophytes, and Prasino&Chlo) and sea surface temperature (SST) in the outer shelf areas (Table 7) . The negative correlations between SST and phytoplankton abundance or TChl_a were generally more significant in the south regions (e.g. the Chesapeake Bay estuary and the Delaware Bay estuary) than in the north region (e.g. the New York Bight and the Gulf of Maine) (Table 7) , consistent with the suggestion by Richardson and Schoeman (2004) for the northeast Atlantic. Such results imply that the nutrient availability is generally the major limiting factor for phytoplankton growth in the offshore region. With the deepening of the surface mixed layer by surface cooling in Winter, as well as stronger winds, more nutrients are transported to the surface mixed layer to stimulate phytoplankton growth. In the other hand, the shallowness of the surface mixed layer due to strong vertical stratification in Summer creates a nutrientdepleted surface mixed layer that may reduce micro-and/or nanophytoplankton growth within the surface mixed layer. Because pico-phytoplankton generally compete successfully over micro-and nano-phytoplankton in nutrient-depleted water conditions, especially in Summer, the correlations between SST and pico-phytoplankton abundances were significantly positive ( Table 7 ). The correlations between SST and phytoplankton abundances in the inner shelf were more complex (Table 7) , depending on the major limiting factor (nutrients, light penetration, light intensity, or photoperiod) for phytoplankton growth. For example, Harding et al. (1986) indicated that the major limiting factor was nutrient availability in the Chesapeake Bay estuary (CBE) but light penetration in the Delaware Bay estuary (DBE). Consequently, the increasing supply of nutrients in Winter caused more apparent stimulation effect for phytoplankton growth in the CBE than in the DBE, as shown by more significant negative correlations between SST and phytoplankton abundances in the CBE than in the DBE (Table 7 ). In the GoM and even the NYB, light availability (light intensity and photoperiod) is the major limiting factor for phytoplankton growth during Winter. Phytoplankton blooms typically occur in late Spring or early Summer as observed from our serial cruises in the GoM. 
Application and discussion
CHEMTAX taxonomic groups and limitations to our approach
Phytoplankton functional groups using CHEMTAX analysis should be selected with caution. Some uncommon species, such as euglenophytes, should be excluded from CHEMTAX analysis for this region, or the calculations would result in unreasonably high concentrations of euglenophytes (sometimes even higher than diatoms) (unpublished data). Other uncommon species, such as Prasino_A and prochlorophytes, could be included to CHEMTAX analysis, partly due to their unique pigments (e.g. prasinoxanthin and DV_Chl_a). Cell count data are essential to evaluate the quality of the CHEMTAX outputs.
The categories of CHEMTAX taxonomic groups are based on pigment ratios within phytoplankton from particular taxonomic groups. Many phytoplankton functional groups have similar pigment ratios, such as dinoflagellate species containing fucoxanthin-like pigments (Dino_A) versus diatoms, prasinophytes versus chlorophytes, and cyanobacteria versus prochlorophytes (Table 4 ). This can make it difficult to distinguish between these groups by using CHEMTAX . As for CHEMTAX analysis, the ability to accurately determine phytoplankton community composition from ocean color remote sensing depends on the ability to quantify particular phytoplankton pigments (versus bulk TChl_a) using ocean color sensors, especially for species-or taxa-specific pigments. For example, the ability to derive 19′-butanoyloxyfucoxanthin (But) and 19′-hexanoyloxyfucoxanthin (Hex) from satellite data makes it easy to distinguish chrysophytes and haptophytes from other golden-brown algae and provides a useful tool for assessing the distributions of these important phytoplankton groups. Unfortunately, such remotely sensed approaches have not been developed at this time .
The satellite-derived phytoplankton community composition developed in this paper is dependent on two independent approaches ( Fig. 3): (1) ocean color algorithms to derive pigment concentrations (Approach_1; , and (2) CHEMTAX-derived pigment matrices for selected phytoplankton functional groups (Approach_2 ;  Table 4 ). Compared with the uncertainty attributed to Approach_1, the uncertainty associated with Approach_2 is generally small. As shown in Table 5 , the MAPDs and RMSEs between the derived or reconstructed pigments and field measurements from Approach_1 were generally much higher than those from Approach_2. Therefore, developing appropriate ocean color algorithms with reasonable agreement to field data becomes a bottleneck for studying phytoplankton community composition from space.
Cell counts versus chemotaxonomy
Comparisons of phytoplankton community composition made using microscopic cell counts versus CHEMTAX derivations should be conducted with caution. Microscopic analysis can also be biased. For example, it is difficult to count fragile cells. There is differential preservation of phytoplankton depending on the various preservatives used. Pico-phytoplankton are often underestimated by direct microscopic counts. Physiological variability of cells within particular groups can also bias chemotaxonomic results. For example, cellular pigment concentrations in phytoplankton vary not only between species and taxonomic groups but also with environmental factors such as light, nutrient availability, and physiological stage of cells (Lewitus et al., 2005; Mackey et al., 1996; Moisan & Mitchell, 1999; Schlüter et al., 2000; Zapata et al., 2004) . Cells adapted to a high light environment may have lower cellular concentrations of photosynthetic pigments but higher concentrations of photoprotective pigments (Lewitus et al., 2005; Schlüter et al., 2000) . Therefore, the pigment matrices and results presented here should be validated before being applied to other regions, even though the derived matrices were based on sub-sets across a wide range of [TChl_a] (Table 4) .
Without considering the significant variations of cellular pigment concentrations over seasons and regions, seasonal and spatial patterns of the CHEMTAX-derived concentrations of phytoplankton functional groups may significantly differ from abundances determined using cell counts. For example, CHEMTAX-derived concentrations of dinoflagellates from this study seemed somewhat higher during WinterSpring than during Summer, especially on the inner shelf (Figs. 7 and  9 ). The monthly means of C Dino from a location on the inner shelf of the SMAB (−75.88°W, 36.96°N) were 0.283, 0.114, and 0.200 mg m −3 during April, July/August, and September, respectively (Fig. 9) , indicating dinoflagellate concentrations during July/August were only half that observed during April and September. The historical observations based on cell counts (Marshall & Cohn, 1987) , however, showed generally higher abundance of dinoflagellates during Summer than during other seasons, e.g. 2.9-to 32.8-fold and 1.3-to 1.9-fold increase in dinoflagellate cell abundance during July/August as compared to those during April and September in the near-shore region (within 35 km from the shore) ( Table 6 ). The cellular pigment concentrations of dinoflagellates during summer may be several folds lower than during other seasons, e.g. cellular [Perid] varied from 1.3 to 3.7 pg cell −1
during July/August to 7.8 to 62 pg cell −1 during November from our database. As also indicated in Fig. 6 , the dinoflagellate cell abundances can vary over 10-fold for a given CHEMTAX-derived concentration. Such significant variations of cellular pigments should be accounted for to exploit the significant seasonal and spatial variability of relationships between CHEMTAX-derived concentrations and cell counts. The physiological stage of cells varies diurnally and seasonally and needs to be considered in using CHEMTAX derivations of phytoplankton community composition. For example, many dinoflagellates are mixotrophic and have notoriously flexible metabolisms (Bockstahler & Coats, 1993; Jeffrey et al., 1997; Li et al., 1999) . The degree to which these organisms are autotrophic versus heterotrophic at any one time may affect their pigment composition. It is reasonable to assume that: a) cellular pigment concentrations, especially for photosynthetic pigments, were lower in autotrophic dinoflagellates than in heterotrophic forms because pigments digested by the latter were kept in the cell (Li et al., 1999) ; and b) cellular pigment concentrations in the autotrophic forms were higher under low-light environment than under high-light environment (Lewitus et al., 2005; Schlüter et al., 2000) ; and c) higher proportion of heterotrophic forms occurred under low-light environment than under high-light environment (Bockstahler & Coats, 1993; Li et al., 1999) . Ignoring the spatial difference, such variations of cellular pigment concentrations and the degree of autotrophic versus heterotrophic forms may together account for the variations of cellular [Perid] , which was higher in early morning and had a second-peak in later morning, and which was generally higher during Winter-Spring than Summer, e.g. 41.0, 40.8, 6 .3, and 7.8 pg cell −1 on local 9:03, 10:03, 11:20, and 13:35 during CBP_5 cruise on 28 November 2006; and 2.9, 1.2, and 1.4 pg cell −1 on local 9:24, 10:40, and 11:46 during CBP_8 cruise on 3 July 2007.
One of the advantages of the chemotaxonomic approach over the microscopic cell counting is that the former can be used to quantify some phytoplankton functional groups which are difficult to detect by the latter technique . For example, coccolithophorids might be underestimated by microcopy using Lugol's preservation since the acidic Lugol solution may cause dissolution of coccoliths on the cell surface of coccolithophorids. Chlorophytes might also be underestimated from microscopy since some of them might be found in a significant proportion of the pico-phytoplankton (Marshall, 1984b; Vaulot et al., 2008) . The CHEMTAX derivations showed that Prasino&Chlo might be present at similar or even higher order of magnitude than diatoms, especially in the offshore regions , but chlorophytes could not be detected microscopically from many of cell counting samples.
Phytoplankton community composition, global changes, and social-economical impacts
Understanding general changes in trends of phytoplankton community composition is crucial for understanding how climate change impacts aquatic biology. The response of phytoplankton composition and abundance to climate change will have profound effects on higher trophic levels through bottom-up processes, which in turn impacts phytoplankton community through top-down control mechanisms (Edwards & Richardson, 2004; Hays et al., 2005; Montes-Hugo et al., 2009; Richardson & Schoeman, 2004) . Edwards and Richardson (2004) showed a strong response of marine pelagic communities to global change, and a mismatch in the response between phytoplankton versus that of higher trophic levels (e.g. zooplankton and economic fish), and this mismatch partly accounted for the decline of fish stocks. For example, over the past 45 years, high abundance of diatom and dinoflagellate now increase 33 and 27 days earlier in the year, respectively, in response to increasing water temperatures in the North Sea, while copepod abundance occurs only 11 days earlier over the same period (Hays et al., 2005) . This has resulted in decreased energy flow to higher trophic levels. Montes-Hugo et al. (2009) reported that a decrease in TChl_a in the northern part of the western Antarctic Peninsula (WAP) accompanied by a decrease in the relative abundance of diatoms (and an opposite effect on the southern part of the WAP) associated with rapid regional warming, coincided with the changes in the distribution of krill and penguin populations. Global warming is also cited as a causative factor in the expansion poleward in the range of tropical and temperate phytoplankton species (e.g. Ceratium trichoceros), and resulting in shifts in local and regional phytoplankton communities (Hays et al., 2005) . The ability of satellite remote sensing to provide information on phytoplankton community composition will improve our understanding of how climate change impacts marine ecosystems. Our results suggest that we can expect to see shifts in phytoplankton community composition as surface waters continue to warm. For example, Fig. 9 indicated that the annual mean concentrations of phytoplankton functional groups between 2003 and 2009 decreased over the years for all phytoplankton in both inner and outer stations (r ranging from −0.2 to −0.7) except pico-phytoplankton in the inner shelf station (r= 0.1).
Conclusions
This paper shows that ocean color remote sensing can be used to determine the phytoplankton community composition in the northeast coast of the United States, although exploiting such derivations should be, to some degree, applied with caution as compared to cell count abundance. Spatial and seasonal variations of satellite-derived phytoplankton taxonomic groups from this study generally agreed with the cell count observations and with previous work (e.g. Marshall, 1984a Marshall, , 1984b Marshall & Cohn, 1987; Marshall & Ranasinghe, 1989; Marshall et al., 2006) . Cell abundances of some major phytoplankton functional groups (e.g. diatoms, cryptophytes, dinoflagellates, and cyanobacteria) can potentially be estimated from CHEMTAX-derived concentrations (Fig. 6 ). Diatoms were generally the most abundant phytoplankton species in this region, especially during winter-spring and on the inner shelf. Other phytoplankton groups tended to co-occur with diatoms (Marshall, 1984a (Marshall, , 1984b Marshall & Cohn, 1987; Marshall et al., 2006) . High abundances of pico-phytoplankton were typically observed during summer when diatom abundance was lower. Although our study showed the distributions of C taxa_n , the application of these satellite products to the study of phytoplankton community structure should be conducted with caution due to the significant variations in cellular pigment concentrations with environmental factors and physiological status. The method developed from this study, however, proved reasonable to determine the intended phytoplankton groups, especially if they were relatively abundant or had fairly unique pigment compositions.
